To explore the mechanism of development of healthy carrier state of dysentery bacilli, the virulence has been compared among Shigella strains freshly isolated from dysentery patients and healthy carriers and the old laboratory strains. The virulence was principally determined using infection models for shigellosis, that is, the abilities to produce keratoconjunctivitis in guinea pigs (KC-reaction) and to multiply intracellularly in HeLa-S3 cell cultures, along with the tests for cytopathic effect on cultured cells, for mouse virulence as determined by intraperitoneal injection with mucin and for acid agglutinability.
, oral infection of mice (Cooper, 1959) and Tokyo, November, 1966. to exist, in studies on the abilities of the bacilli to multiply intracellularly in cell cultures , to cause keratoconjunctivitis shigellosa in guinea pigs and to produce disease in monkeys by oral infection with a virulent strain of Shigella iexneri 2a isolated from a monkey and its avirulent variants (Ogawa et al., 1967) . Generally, the experimental models for shigellosis have been successfully used only when carried out with Shigella strains , freshly isolated from dysentery patients and cases of naturally occurring shigellosis in monkeys.
On the other hand, it has been demonstrated that virulence of dysentery bacilli was lost when cultures were maintained on artificial media for an extended period (Arm et al., 1965; Mackel et al., 1961; Schneider 1961; Nakamura et al ., 1966) . Nevertheless, little is known about whether or not difference of virulence exists between the Shigella strains isolated from dysentery patients and from the so-called healthy carriers who excrete the bacilli without any subjective complainings or clinical symptoms . This problem is not only important in public health to control bacillary dysentery, but also interesting to understanding of essential characteristics of the pathogenicity of dysentery bacilli. This report describes the studies performed with the experimental infection models , that is, infection of guinea pig conjunctivae and cultured monolayer cells , which reflect more relevantly the virulence of Shigella bacilli in natural infections and allow us to handle reasonable numbers of strains, in order to compare the virulence of Shigella strains freshly isolated from healthy carriers with that of strains from dysentery patients or that of old laboratory strains stored for extended periods . Furthermore, the virulencc of these strains for guinea pig conjunctivae and cell cultures was compared with that for mice ; and the relation between the virulence determined by these bioassays and acid agglutinability was also examined as a tool of evaluation of virulence of dysentery bacilli. It has been shown that the Shigella strains freshly isolated from carriers were as pathogenic as those from dysentery patients, whereas old laboratory cultures were mostly avirulent.
MATERIALS AND METHODS

Bacterial strains:
Thirty-four strains of Shigella isolated from dysentery patients mainly at the Komagome Hospital, Tokyo, and 33 strains of Shigella isolated from carriers detected in examination of feces of healthy persons at various areas in Japan , were used as the freshly isolated strains. These strains including a number of Shigella types, S. lexneri ib, 2a, 3a, 3c, 4a, variant Y, variant X, S . Boydii 2, and S. sonnei were used in experiments within 6 months from their isolation . As the old laboratory strains of Shigella, principally 63 strains of the reference strains for serological typing were used, which had been maintained in our laboratory by subculturing on nutrient agar slant for long periods.
Infection of HeLa cell cultures:
The preparation of monolayers of HeLa-53 cell cultures and the procedures for infection of the monolayer with Shigella bacilli were essentially the same as those described in our previous paper (Ogawa et al ., 1967) . Shigella bacilli were inoculated to a cover-slip monolayer of HeLa-53 cells which had been cultured in a small square tube containing 1.5 ml of Eagle's minimal essential medium supplemented with 20 % calf serum. The inoculum was prepared by suspending Shigella bacilli, grown on Penassay broth agar (Antibiotic medium 3 , Difco, with 1.2% Bacto agar, Difco) plates for 18 hr at 37 C, in sterile physiological saline at a density OF Conjunctival infection of guinea pigs:
The ability of Shigella strains to cause keratoconjunctivitis in the guinea pig eyes was tested with female guinea pigs of Hartley strain weighting 350 to 400 g. The techniques for conjunctival infection described in our accompanying paper (Ogawa et al., 1967) were essentially followed. Experimental groups consisted of 3 animals each. The guinea pigs were applied in the conjunctival sac of their eyes each with 0.2 ml of a saline suspension of Shigella containing 1 x 109 organisms. Inflammatory changes were observed macroscopically for 3 days after inoculation. It was assured that the inoculated bacilli were recovered from the site of inflammation.
Mouse virulence test: The method described by Nakaya (1956) was employed for the assay of mouse lethal dose. An overnight culture of Shigella grown in Penassay broth at 37 C was diluted to appropriate dilutions with 5 % mucin (Wilson laboratory, W-1701). The number of bacilli to be injected in screening tests for mouse virulence were determined by the assays of LD5o with some representative strains of several serotypes of Shigella. For screening tests groups of ddY strain mice consisting of 5 females each were injected intraperitoneally with 0.5 ml of the bacterial suspension. Deaths were recorded for 72 hr after challenge. 
RESULTS
Virulence of Shigella Strains Freshly Isolated from Dysentery Patients
The results of virulence tests on the strains belonging to various serotypes of Shigella which were freshly isolated from patients are listed in Table 1 . In all cases the ability to cause keratoconjunctivitis in guinea pigs (KC-reaction) coincided well with the ability to invade and multiply in cultured HeLa-S3 cells ; positive results in both the KC-reaction and the intracellular growth were obtained with 33 strains out of 34 strains examined, while one strain, S. sonnei 237-65, showed negative results in both tests. There was no clear parallelism between the virulence associated with KC-reaction or intracellular growth and that associated with cytopathic effect on cultured cells, mouse lethal power or acid agglutinability.
Various degrees of cytopathic effect on cultured cells were exhibited by most of the strains.
However, this activity of dysentery bacilli appeared not consistently to coincide with the abilities to cause positive KC-reaction or to infect cell cultures. The results of mouse virulence tests presented in Table 1 are those obtained by screening tests.
As will be described in some detail subsequently , LD50 of Shigella for mouse is more or less dependent upon serotypes or subgroups . Most of the strains tested were found to have mouse lethal power with the given challenge dose for each serotype of Shigella bacilli, except 3 strains, that is, S .. flexneri lb 360-65, 2a 243-65 and S. sonnei 244-65, which were incapable of killing any of the mice challenged with the given dose.
With respect to KC-reaction and intracellular growth , these strains were virulent.
On the other hand, strain 237-65 of S. sonnei was virulent for mice , whereas its KC-reaction and intracellular growth were negative . These results led us to draw a conclusion that mouse virulence tests do not always reflect the virulence associated with the KC-reaction and intracellular growth of Shigella bacilli.
Acid agglutinability appeared to be much more related to serological types than to the virulence of Shigella tested ; all 5 strains of S. i flexneri lb tested gave negative results, while all of 20 strains of S. sonnei tested showed positive results.
In this case inconsistency was also remarkable between acid agglutinability and the ability to penetrate epithelial cells.
Virulence of Shigella Strains Freshly Isolated from the
So-called Healthy Carriers Similar series of experiments were carried out with strains of several serotypes which were freshly isolated from healthy carriers as well as from patients. The results are arranged in Table 2 . In all cases the ability to cause keratoconjunctivitis in guinea pigs coincided with the ability to invade and multiply in HeLa cells ; 32 out of 33 strains tested gave positive results in both tests, while one strain, S. flexneri 2a 27-65, failed to react positively in both tests. In the case of S. sonnei, 5 out of 6 strains tested were shown to be cytopathic for the cells.
Virulence for mice was not uniform among the serotypes of Shigella nor within a serotype.
The acid agglutinability in this case was also more closely related to the serotypes of Shigella ; 2 strains of S. flexneri lb were acid-inagglutinable, while all 6 strains of S. sonnei tested were acid-agglutinable.
Since these results indicated that the Shigella strains freshly isolated from healthy carriers possess comparable virulence with those from dysentery patients, it is very likely that the Shigella bacilli even derived from healthy carriers might be capable to cause natural infection in man and monkeys.
Virulence of Old Laboratory Strains of Shigella
The results of virulence and acid agglutination tests on the 58 old laboratory strains including a variety of serotypes of Shigella are given in Table 3 . Only 3 out of 58 strains tested were positive for KC-reaction, and all 58 strains showed negative results for intracellular growth in HeLa-S3 cells. The 3 strains showing positive results in KC-reaction were S. flexneri 3b, NCTC 9724, S. flexneri variant Y, NCTC 9730 and S. boydii 1, CDC 2064-59, which had been supplied by Dr. W. H. Ewing of Communicable Disease Center, U. S. A., to our laboratory in 1962.
Cytopathic effect on HeLa-S3 cells was observed in 9 strains. All 3 strains of S.
dysenteriae were shown to be cytopathic.
Acid agglutinability was not observed in any of the old laboratory strains but S. sonnei group in which 3 out of 4 strains tested still showed acid agglutinability, suggesting the type-dependency of this reaction and no correlation with virulence. In general, most of the old laboratory strains were found to have poor reactivity in all the tests carried out. Table 4 shows the results obtained in KC-reaction in guinea pigs, intracellular growth in HeLa-S3 cells and mouse virulence tests with some of the representative strains. The LD50 for mice as determined by intraperitoneal injection of Shigella bacilli with mucin were estimated by probit analysis based upon the data of quantitative experiments. The properties of the bacilli to cause KC-reaction and to grow intracellularly in cell cultures were in parallel as already shown, whereas the LD5o for mice varied considerably even within a certain serotype of the Shigella and were independent of former properties. Among the old laboratory strains, S. flexneri 2a strain Km-11 was isolated from a dysentery case at Komagome Hospital in 1951 and had been stored in a lyophilized state, but the others have been maintained by subculturing on nutrient agar slants. This may account for the virulence of strain Kobari (1955) has reported romanoscopic investigations on healthy carriers of dysentery bacilli that revealed the presence of more or less apparent dysenteric changes in 75 % of the cases examined, and suggested that a considerable number of so-called healthy carriers actually suffered from mild dysentery with slight lesions in the mucosa of the rectum, in spite of the absence of definite clinical disorders. Healthy carriers of dysentery bacilli have frequently been incriminated as reservoirs of transmission of dysentery. As a public health problem it has long been a point in dispute how the carriers should be treated ; whether they must be f orcedly admitted to an isolation hospital and treated like patients. Nevertheless little has been known whether development of healthy carriers is due to a loss of virulence of Shigella or to the host resistance against Shigella infection. Although the latter possibility should be kept in mind, it is also a rational approach to investigate the former possibility.
Inconsistency between Epithelial Cell Penetration and Mouse Lethal Power
DISCUSSION
Recently a considerable amount of knowledge has been accumulated about the pathogenicity of Shigella by the development of experimental infection models which show intimate relationship in the genesis with naturally occurring disease. Consequently it has been well established that inf ectivity of dysentery bacilli to the guinea pig eyes and cell cultures correlates very closely with oral inf ectivity for monkeys and starved guinea pigs, and these properties reflect more faithfully the virulence of Shigella in natural infections of man (Watkins, 1960; LaBrec et al, 1964; Ogawa et al., 1967) .
In the present studies, we have employed keratocon junctival infection of guinea pigs and infection of HeLa cell cultures to handle a large number of strains among the experimental infection models mentioned.
Using these models the virulence of Shigella strains freshly isolated from healthy carriers was compared with that of strains isolated from dysentery patients as well as of the old laboratory strains. Table 5 , tabulated from the data in Tables 1, 2 and 3, shows very clearly that the strains from carriers possessed precisely similar capacities in these infection models to those from patients, whereas the old laboratory strains behaved quite differently.
Although these two indicator models employed here correlate well with oral inf ectivity to monkeys and probably with natural Table 5 . Tabulation of the data shown in Tables 1, 2 and 3 inf ectivity to man, a particular Shigella strain possessing these capacities do not necessarily produce typical intestinal infection in monkeys. As Formal et ah (1965 b) demonstrated that an Escherichia coli -Shigella flexneri hybrid strain possessing a type of intermediate virulence could cause abortive intestinal infection in monkeys and starved guinea pigs. In this type of abortive infection, the strain failed to produce any apparent symptoms but invaded the intestinal mucosa and produced an inflammatory reaction which subsided very rapidly. Based upon these findings, emphasized that the ability to produce disease in species which are natural hosts must obviously be the final criterion of pathogenicity. The present results obtained with the fresh isolates from carriers and also from patients must be interpreted with caution. Although the carrier strains were not tested for virulence by monkey feeding experiments they were unlikely to be a hybrid as obtained by an in vitro recombination experiment , because their biochemical and serological properties were typical for Shigella. However, it is still open to future testing whether these strains can be regarded as virulent ones capable to produce clinical dysentery in primates. On the other hand, the evidence that most of the carrier strains tested exhibited virulence for guinea pig eyes and cultured cells strongly suggested that they were not avirulent as the majority of the old laboratory strains tested, but rather pathogenic as the patient strains.
Among all freshly isolated strains, one strain showed negative reaction both in guinea pig eyes and intracellular growth. It is unknown whether these strains were originally avirulent or lost virulence after isolation.
In contrast, among the old laboratory strains only 3 strains were found to be virulent in KC-reaction in guinea pigs but lack in the capacity to infect cell culture.
This suggests that these bacilli have lost virulence while they have been maintained in artificial media for extended periods.
In the studies on the loss of virulence of Shigella bacilli during cultivation on artificial media, we observed that some of the subcultures of a strain lost the ability to penetrate and multiply in cultured cells, while still retaining the ability to produce keratocon junctivitis in guinea pigs . We have assumed that these experimental infection models differ in sensibility to respond to Shigella infection, and the eyes of guinea pigs are more suitable (Ogawa et al., 1967) . Thus, such subcultures as mentioned above were thought to be in a process of variation from virulent to avirulent. Accordingly, the 3 old laboratory strains retaining only the ability to -produce keratoconjunctivitis in guinea pigs may be variants being in a process from virulent to avirulent as those found in vitro.
In contrast to these infection models, by the tests for cytopathic effect on cell cultures, mouse lethality, and acid agglutinability, no clear difference was detected among the responses to the Shigella strains freshly isolated from patients and healthy carriers and to the old laboratory strains (Table 5) . Generally, the latters reacted much poorly in these tests. Since cytopathic effect on cultured cells was observed not only in most of S. sonnei strains isolated from dysentery patients and carriers but also in one of the 3 strains of old' laboratory S. sonnei cultures which were antigenically form I, it seems very likely that S. sonnei has generally cytopathic effect on cultured cells of HeLa-S3 cell. In addition to S. sonnei, S. aysenteriae 1 appears also to have cytopathic effect.
Virulence for mice varied widely among serotypes and subgroups of Shigella and most of S. sonnei was invariably virulent (Table 4 ). Since in the mouse virulence test by intraperitoneal challenge with mucin, death of animals results from massive invasion of Shigella bacilli into blood stream and organs (Watkins, 1960) , there is little if any similarity to the pathogenesis of human dysentery. Hence this test is of a limited value for the study on the pathogenesis of bacillary dysentery (LaBrec et al ., 1964) . Based on the results demonstrated in the present studies, no parallelism was seen between virulence for mice and that for other experimental infection models .
Anzai (1942) has reported application of acid agglutination test for dysentery bacilli . According to his findings, freshly isolated strains from patients and carriers were able to agglutinate in acid buffer solution, and he suggested the existence of a cor relation of virulence to acid agglutinability of dysentery bacilli . However, we found that a considerable number of freshly isolated strains were not able to agglutinate in acid buffer solution on one hand and some of the old laboratory strains did agglutinate on the other hand (Table 5 ). Thus the results indicate that acid agglutinability does not share any clear consistency with virulence tests. As a whole , these methods for virulence tests discussed above should be of a limited value for the study of the pathogenesis of bacillary dysentery. Hanny and Horvath (1966) have reported the cases of dysentery-like disease from which dysentery bacilli were not always isolated. This suggests a highly probable existence of some organisms among Enterobacteriaceae other than Shigella which have the ability to penetrate the intestinal epithelial cells and to cause dysentery-like pathological changes. We have already described a strain of enteropathogenic E . coli 0143 which was capable to produce keratoconjunctivitis in guinea pigs . Furthermore, data have been accumulated concerning a variety of strains of enteropathogenic E, coil which can cause con junctival infection in guinea pigs and multiply intracellularly in cell cultures (Nakamura, Ogawa and Nakaya , to be published) . In view of the above facts, further investigations on the pathogenicity of Shigella and other bacilli, which can infect the intestinal mucosa, could be made effectively with the experimental infection models employed in the present studies .
